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Viral persistenceUsing cell-free reactions, we investigated the role of the 5′ cloverleaf (5′CL) and associated C-rich sequence
in Coxsackievirus B3 RNA replication. We showed that the binding of poly(C) binding protein (PCBP) to the
C-rich sequence was the primary determinant of RNA stability. In addition, inhibition of negative-strand
synthesis was only observed when PCBP binding to both stem-loop ‘b’ and the C-rich sequence was inhibited.
Taken together, these ﬁndings suggest that PCBP binding to the C-rich sequence was sufﬁcient to support
RNA stability and negative-strand synthesis. Mutational analysis of the three conserved structural elements
in stem-loop ‘d’ showed that they were required for efﬁcient negative- and positive-strand synthesis. Finally,
we showed an RNA with a 5′ terminal deletion (Δ49TD RNA), which was previously isolated from
persistently infected cells, replicated at low but detectable levels in these reactions. Importantly, the critical
replication elements identiﬁed in this study are still present in the Δ49TD RNA.
© 2009 Elsevier Inc. All rights reserved.Introduction
Coxsackie B virus (CVB) is an enterovirus that belongs to the
Picornaviridae family of small nonenveloped positive-strand RNA
viruses. CVB is the common cause of acute and chronic myocarditis
and dilated cardiomyopathy (DCM) (Reyes and Lerner, 1985; Kandolf
et al., 1993; Kandolf, 1993; Martino et al., 1994; Muir et al., 1996; Kim
et al., 2001). The viral genome (∼7.5 kb) contains a 5′ nontranslated
region (NTR), a single large open reading frame (ORF) and a 3′ NTR
with an associated poly(A) tail. A small viral protein, VPg, is covalently
linked to the 5′ end of the viral genome (Kim et al., 2005). The 5′ NTR
includes the highly structured internal ribosome entry site (IRES) that
directs the cap-independent translation of the viral genome into a
single large polyprotein (Racaniello, 2001). The CVB RNA replication
cycle initiates with the synthesis of genome length negative-strand
RNA, which subsequently serves as the template for the synthesis of
positive-strand progeny RNA. Viral replication is highly asymmetric
during acute infections which results in the synthesis of a large
number of positive-strands from a single negative-strand RNA
template (Sean and Semler, 2008).
Conserved RNA sequences and structures present at the 5′ and 3′
ends of the viral genome have important functions in the replication
of enteroviruses. The 5′ terminal cloverleaf (5′CL) structure is a cis-
active element that is required for various aspects of viral RNA repli-
cation (Sean and Semler, 2008; Hunziker et al., 2007). The 5′CL
structure is highly conserved in enteroviruses and is organized into
stem ‘a’ and stem-loops ‘b’, ‘c’ and ‘d’. Recently, a conserved C-richll rights reserved.sequence adjacent to the 5′CL has been identiﬁed in the 5′ NTR of
enteroviral RNA (Toyoda et al., 2007; Zell et al., 2008). In CVB RNA, the
C-rich sequence consists of two groups of four C residues separated by
a U residue. Cellular poly(C) binding protein (PCBP) binds stem-loop
‘b’ and the C-rich sequence in the 5′ NTR of enteroviral RNA (Andino
et al., 1990a, 1993; Murray et al., 2001; Parsley et al., 1997; Toyoda
et al., 2007; Zell et al., 2008; Gamarnik and Andino, 1997). Disrupting
PCBP binding to either stem-loop ‘b’ or the C-rich sequence inhibits PV
RNA replication which suggests that PCBP functions as a cofactor
during viral RNA replication (Spear et al., 2008; Toyoda et al., 2007;
Walter et al., 2002). Although PCBP binds stem-loop ‘b’ and the C-rich
sequence in CVB RNA, the role of the PCBP-5′CL RNP complex in CVB
RNA replication has not been investigated. Structural studies on stem-
loop ‘d’ have identiﬁed three conserved structures which include a
dinucleotide bulge, triple pyrimidine mismatch and apical tetraloop
(Du et al., 2004; Ohlenschlager et al., 2004; Zell et al., 2002). Viral
protein 3Cpro or 3CDpro is reported to bind to stem-loop ‘d’ in the 5′CL
to form a ribonucleoprotein complex (RNP) which includes PCBP
(Andino et al., 1990a, 1990b, 1993;Ohlenschlager et al., 2004; Zell
et al., 2002). Based on studies with poliovirus (PV), RNP complexes
formed at the 5′CL and the 3′ poly(A) tail interact to form a circular 5′-
3′ RNP complex that is required for the initiation of negative-strand
RNA synthesis (Barton et al., 2001; Herold and Andino, 2001; Lyons
et al., 2001; Teterina et al., 2001; Spear et al., 2008).
Several experimental murine models indicate that CVB3 persis-
tence is an important factor contributing to dilated cardiomyopathy
(Klingel et al., 1992, 1996; Andreoletti et al., 1997; Chapman and Kim,
2008). Of the several mechanisms proposed for viral persistence,
restriction of viral replication contributes directly to the development
of persistent CVB3 infection (Kandolf et al., 1999). It has been reported
Fig. 1. Translation and replication of CVB3 and PV1 RNA in HeLa S10 translation–
replication reactions. (A) Schematic diagram of the full-length CVB3 RNA transcript. P1
represents the capsid proteins and P2 and P3 represent the replication proteins. The
RNA has an authentic 5′ terminus generated by a hammerhead ribozyme (Rz) upstream
of the ﬁrst 5′ terminal nucleotide. (B) HeLa S10 translation–replication reactions
containing [35S]methionine and RzPV1 RNA or RzCVB3 RNA transcripts were incubated
at 34 °C for 4 h. At the end of the incubation, samples were removed and the labeled
proteins were analyzed by SDS-PAGE and visualized by autoradiography. The position
of the individual viral proteins is indicated. (C) Replication of the RzPV1 and RzCVB3
RNA transcripts was measured in preinitiation replication complexes (PIRCs) isolated
from HeLa S10 translation–replication reactions incubated at 34 °C for 4 h. The PIRCs
were resuspended in replication assay buffer containing [α-32P]CTP and incubated at
37 °C for 1 h as described in Materials and methods. The labeled product RNAs were
analyzed by electrophoresis in a denaturing CH3HgOH-agarose gel and visualized by
autoradiography. In these denaturing gels, all RNA structure is completely disrupted,
including RI and RF RNAs. Both negative-strand and positive-strand RNAs run as a
single band of labeled RNA. Equivalent loading of RNA in each lane was conﬁrmed by
ethidium bromide staining of the gel to visualize the 28S and 18S rRNAs.
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positive-strand synthesis was greatly reduced and viral RNA persisted
in a double-stranded form (Tam and Messner, 1999). In other studies,
CVB3 viral RNA isolated from the hearts of persistently infected
mice contained 5′ terminal deletions (TD) that ranged from 7 to 49
nucleotides (Kim et al., 2005; Chapman and Kim, 2008). More recent
studies demonstrated the generation of 5′ TD mutations in CVB
infected primary cardiac and pancreatic cells as well as in human heart
tissue associated with myocarditis (Chapman et al., 2008; Kim et al.,
2008). In tissue culture cells, these 5′ TD genomes exhibited a low ratio
of (+)/(−) strand synthesis (Kim et al., 2005, 2008). Taken together,
these studies suggest that during CVB replication 5′ TD mutant
genomes arise and persist in host cells (Chapman and Kim, 2008).
In this study, we utilized HeLa S10 translation-replication reac-
tions to study CVB3 RNA replication. To better understand the role of
the 5′CL in CVB3 RNA replication, we used preinitiation replication
complexes (PIRCs) isolated from HeLa S10 reactions to measure
negative- and positive-strand RNA synthesis (Barton et al., 1995;
Sharma et al., 2005; Molla et al., 1991; Spear et al., 2008). We
investigated the effect of disrupting the PCBP binding sites in stem-
loop ‘b’ and the C-rich sequence on negative-strand synthesis. Our
result showed that negative-strand synthesis was inhibited only
when both PCBP binding sites in the 5′CL region were mutated. The
effect of speciﬁc mutations in the three structurally conserved
domains in stem-loop ‘d’ which include the dinucleotide bulge, the
pyrimidine mismatch and the apical tetraloop was also investigated.
We showed that all three structurally conserved elements were
required to maintain wildtype levels of negative- and positive-strand
synthesis. Finally, we investigated the ability of a mutant RNA with a
large 5′ terminal deletion (Δ49TD RNA) to translate and replicate in
cell-free reactions. The results showed that the translation of the
Δ49TD RNA was reduced by about 50%, and that the overall level of
RNA replication was low but measurable in these reactions.
Results
CVB3 replication in HeLa S10 translation-replication reactions
We used preinitiation replication complexes (PIRCs) isolated from
HeLa S10 translation-replication reactions to study the mechanism of
CVB3 RNA replication. In HeLa S10 reactions that contained CVB3 RNA
transcript (Fig. 1A), we observed that viral protein synthesis and
polyprotein processing were at levels similar to those observed with
PV RNA (Fig. 1B). As expected, we observed small differences in the
mobility of several viral proteins compared to the PV proteins. The
CVB3 viral proteins, 3AB and 3A were not labeled in these reactions
since these proteins do not contain any methionine residues. In
previous studies, we showed that the synthesis of labeled PV
negative- and positive-strand RNA can be measured in PIRCs that
are resuspended in replication assay buffer containing [α-32P]CTP
(Morasco et al., 2003; Sharma et al., 2005). To measure CVB3 RNA
replication, PIRCs were isolated from reactions containing RzCVB3
RNA transcripts as described in Materials and methods. This RNA
transcript contained an authentic 5′ terminal end and supports both
negative- and positive-strand synthesis. Full-length labeled product
RNA was analyzed using denaturing CH3HgOH-agarose gel electro-
phoresis. In these denaturing gels, all RNA structure is disrupted and
full-length negative-strand RNA and/or positive-strand RNA run as a
single labeled band in the gel. This allowed us to quantitate the
amount of labeled negative- and positive-strand RNA synthesized in
each reaction accurately. The results showed that full-length product
RNA was synthesized in the reaction containing the RzCVB3 RNA at
levels similar to that observed in the reaction with RzPV1 RNA (Fig.
1C). These results conﬁrmed that both the translation and replication
of CVB3 RNA could be efﬁciently measured in HeLa S10 translation
reactions and PIRCs, respectively.To verify that RzCVB3 RNA supports both negative- and positive-
strand RNA synthesis, PIRCs were isolated from HeLa S10 reactions
containing RzCVB3 RNA. The PIRCs were resuspended in replication
assay buffer, incubated for the indicated times, and the resulting
labeled product RNAs were characterized using non-denaturing
agarose gel electrophoresis (Fig. 2). A heterogeneous high molecular
weight labeled RNA characteristic of replicative-intermediate (RI)
RNA and replicative-form (RF) RNA was detected as early as 15 min.
There was a large increase in the amount of RI/RF RNA between 15
and 30 min and a much smaller increase between 30 and 60 min
(Fig. 2, lanes 2–5). Single-stranded (ss) labeled product RNA, which
represents full-length positive-strands released from RI RNA, was ﬁrst
detected at 30 min and then increased signiﬁcantly between 30 and
60 min (Fig. 2, lanes 4–5). As expected, both labeled RI/RF RNA and
labeled ss RNA were synthesized in the 60 min control reaction
containing RzPV1 RNA (Fig. 2, lane 1). Therefore, these results
conﬁrmed that PIRCs formed with RzCVB3 RNA ﬁrst synthesized
Fig. 2. RzCVB3 RNA supports both negative- and positive-strand RNA synthesis in HeLa
S10 translation–replication reactions. Replication of the RzPV1 and RzCVB3 RNA
transcripts was measured in PIRCs isolated from HeLa S10 translation–replication
reactions incubated at 34 °C for 4 h. Both RNAs have an authentic 5′ end and support
negative- and positive-strand synthesis. The PIRCs were resuspended in replication
assay buffer and samples were removed at the indicated time points. The labeled
product RNAs from each time point were analyzed by electrophoresis in a non-
denaturing 1% agarose-TAE gel and visualized by autoradiography. Equivalent loading
of RNA was conﬁrmed by ethidium bromide staining of the gel.
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strand RNA in a temporally separate and sequential fashion.
Effect of PCBP binding site mutations in the 5′CL region on
negative-strand synthesis
To investigate the role of the 5′CL-PCBP interaction in negative-
strand synthesis during CVB3 RNA replication, we used a subgenomic
RNA replicon (P23 RNA) which encodes all of the replication proteins
and replicates efﬁciently in PIRCs isolated from HeLa S10 reactions
(Fig. 3A). Mutations were engineered in the two PCBP binding sites in
the 5′CL region. In previous studies with PV, a point mutation in
stem-loop ‘b’ (C24A or C24U) was shown to disrupt PCBP binding to
the 5′CL (Andino et al., 1993; Murray et al., 2001; Parsley et al.,
1997). In other studies with PV and CVB3, mutations in the C-rich
sequence disrupted PCBP binding to the 5′CL region (Toyoda et al.,
2007; Zell et al., 2008). In particular, it was shown that two adjacent
C residues in the C-rich sequence were required for efﬁcient binding
of PCBP to the 5′CL region (Toyoda et al., 2007). Based on these
previous studies, we engineered two mutations in the CVB3 5′CL
region of P23 to disrupt PCBP binding to the 5′CL region. The C24A
mutation in stem-loop ‘b’, and the (C91,93,97,99A) mutation in the
C-rich sequence were engineered in the 5′CL region (Fig. 3B). In
addition, a double mutant that contained both these mutations was
also engineered in P23. Electrophoretic mobility shift assays (EMSAs)
were performed to conﬁrm that these mutations inhibited PCBP
binding to the 5′CL region. As expected, the wildtype 5′CL RNA probe
formed a 5′CL-RNP complex with recombinant PCBP2 (Fig. 3C,
lane 2). In contrast, this complex was not formed in binding assays
that contained the C24A mutant RNA probe, the C-rich sequence
mutant RNA probe (C91,93,97,99A) or the double mutant RNA probe
(Fig. 3C, lanes 3–8). The results of the EMSAs indicated that both the
C24A mutation and C-rich sequence mutation inhibited PCBP binding
to the 5′CL region RNA probe.We next determined if the two PCBP binding site mutations
inhibited CVB3 negative-strand synthesis. To measure negative-
strand synthesis, PIRCs were isolated from reactions containing the
mutant RNAs and replication assays were performed as described in
Materials and methods. The amount of full-length labeled product
RNA was analyzed using denaturing CH3HgOH-agarose gel electro-
phoresis and was quantitated using a PhosphorImager. In PIRCs
containing C24A RNA, negative-strand synthesis was partially
inhibited and was about 40% of the level observed with wildtype
P23 RNA (Fig. 3D, lanes 1–2). In contrast, negative-strand RNA
synthesis was undetectable in reactions that contained either the C-
rich sequence mutant RNA or the double mutant RNA (Fig. 3D, lanes
3–4). These results indicated that negative-strand synthesis was
partially inhibited in replication complexes when the PCBP binding
site in stem-loop ‘b’ was mutated. However, when the PCBP binding
site in the C-rich sequence was mutated negative-strand synthesis
was completely inhibited.
To determine if the PCBP binding site mutations affected the
stability of CVB3 RNA, we compared the stability of the wildtype and
mutant RNAs in HeLa S10 reactions as described in Materials and
methods. The amount of full-length labeled input RNA remaining at 90
and 180 min was determined using denaturing CH3HgOH-agarose gel
electrophoresis. In reactions containingwildtype P23 RNA, therewas a
gradual reduction in the amount of intact RNA and about 60% of the
labeled input RNA remained intact after 180 min (Fig. 4A, lanes 1–3).
In reactions containing the C24A RNA, we observed that the RNA was
less stable and that approximately 35% of the labeled input RNA
remained intact after 180min (Fig. 4A, lanes 4–6). However, the C-rich
sequence mutant RNA and the double mutant RNA were both very
unstable and were completely degraded by 90 min (Fig. 4A, lanes 7–9
and 10–12). These results indicated that PCBP binding to the 5′CL
region was required to stabilize CVB3 RNA and that binding to the C-
rich sequence was a major determinant of viral RNA stability.
Because the PCBP binding site mutations destabilized the viral
RNAs, we used transcript RNAs with a 5′ cap to measure negative-
strand synthesis.We conﬁrmed that the 5′ cap restored the stability of
the C24A mutant RNA, the C-rich sequence mutant RNA and the
double mutant RNA (data not shown). Furthermore, we observed no
signiﬁcant difference in the translation of the capped mutant RNAs
and capped wildtype P23 RNA (data not shown). Therefore, we were
able to use the capped transcript RNAs to measure the effect of the
PCBP binding site mutations on negative-strand RNA synthesis
independent of their effects on stability (Barton et al., 2001; Spear
et al., 2008). RNA replication assays were performed and labeled
product RNAs were analyzed by denaturing agarose gel electropho-
resis and quantitated. No signiﬁcant difference in negative-strand
synthesis was observed in reactions containing either wildtype P23
RNA, C24A RNA or the C-rich sequence mutant RNA (Fig. 4B, lanes 1–
3). In contrast, negative-strand synthesis was signiﬁcantly inhibited in
reactions containing the doublemutant RNA andwas about 30% of the
levels observed with wildtype P23 RNA (Fig. 4B, lanes 1 and 4). These
results indicated that within functional RNA replication complexes,
the presence of at least one PCBP binding site in the 5′CL region was
sufﬁcient to support efﬁcient negative-strand synthesis.
Effect of 5′CL stem-loop ‘d’ mutations on negative-strand RNA synthesis
In previous studies, stem-loop ‘d’ of the 5′CL has been shown to
play an important role in picornavirus RNA replication (Andino et al.,
1990a, 1993, 1990b; Gamarnik and Andino, 1998; Barton et al., 2001;
Rieder et al., 2003). The dinucleotide bulge, the pyrimidine mismatch
and the apical tetraloop have been identiﬁed as three highly
conserved structures within stem-loop ‘d’ of the 5′CL (Fig. 5) (Du
et al., 2004; Zell et al., 2002). To investigate the role of these conserved
structures in negative- and positive-strand RNA synthesis, we
engineered speciﬁc mutations in these three structures in stem-loop
Fig. 3. Effect of PCBP binding site mutations in the 5′cloverleaf (5′CL) region on rPCBP2 binding and negative-strand synthesis. (A) A schematic diagram of the CVB3 P23 RNA
transcript is shown here. CVB3 P23 RNA is a subgenomic RNA replicon in which the P1 coding region is deleted. The RNA replicon encodes all of the CVB3 replication proteins and
contains the 5′ NTR, 3′ NTR and the 3′ poly(A)80 tail. Wildtype and mutant P23 RNA transcripts contain two additional 5′ terminal G nucleotides and support only negative-strand
synthesis. (B) Sequence diagram of the 5′CL region showing the PCBP binding site mutations used in this study. The arrows indicate the position of each C to Amutation in stem-loop
‘b’ and the C-rich sequence. (C) An electrophoretic mobility shift assay (EMSA) was used to measure the binding of recombinant PCBP2 (rPCBP2) to either wildtype or mutant 32P-
labeled RNA probes. The labeled probes used in each reaction were as follows: 5′CL-wildtype (lanes 1–2), 5′CL(C24A) (lanes 3–4), 5′CL(C91,93,97,99A) (lanes 5–6) and 5′CL(C24A/
C91,93,97,99A (lanes 7–8). The RNA probes were incubated alone or with rPCBP2 and then analyzed by EMSA as described in Materials and methods. (D) Negative-strand synthesis
was measured as described in Materials and methods using PIRCs isolated from HeLa S10 translation–replication reactions containing either wildtype P23 RNA or the mutant P23
RNA indicated above. The labeled product RNAs were analyzed by electrophoresis in a denaturing CH3HgOH-agarose gel and visualized by autoradiography. Equivalent loading of
RNA in each lane was conﬁrmed by ethidium bromide staining of the gel.
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the stem-loop ‘d’mutations used in this study did not alter the overall
predicted secondary structure of the 5′CL (Zuker, 2003). In addition,
we observed no signiﬁcant effect on either PCBP binding or RNA
stability of these mutant RNAs (data not shown). Only in the case of
the shortened stem-loop ‘d’ mutant RNA was PCBP binding and RNA
stability partially reduced. Finally, we showed that the stem-loop ‘d’
mutations had no signiﬁcant effect on the translation of the individual
mutant RNAs (data not shown). Therefore, we were able to directly
investigate the effect of disrupting these conserved structures in
stem-loop ‘d’ on viral RNA replication.
To determine what effect the shortening of stem-loop ‘d’ had on
negative-strand synthesis, we deleted nucleotides GCUA46–49 and
nucleotides GC78–79 in P23 (Fig. 6A). This resulted in the deletion of
the dinucleotide bulge and the nucleotides at the base of stem-loop
‘d’. In reactions that contained P23 RNA with the shortened stem-
loop ‘d’, negative-strand synthesis was completely inhibited
(Fig. 6A, lanes 1–2). Even after long-term exposure of the gel, no
negative-strand synthesis was observed with this mutant RNA (data
not shown). This result suggested that the dinucleotide bulge andthe nucleotides at the base of stem-loop ‘d’ were critical for
negative-strand synthesis. To speciﬁcally investigate the function of
the dinucleotide bulge (U48A49) in CVB3 replication, we used
mutant RNAs in which we deleted one nucleotide (ΔU48 or ΔA49),
deleted both nucleotides (ΔUA)48–49, or switched the nucleotides
(UA→AU)48–49 in the bulge (Fig. 6B). Deleting one nucleotide in the
bulge had no signiﬁcant effect on negative-strand synthesis (Fig. 6B,
lanes 2–3). Switching the position of the nucleotides in the bulge
resulted in only a slight inhibition of negative-strand synthesis
(Fig. 6B, lane 5). In contrast, deleting the dinucleotide bulge,
(ΔUA)48–49, severely inhibited negative-strand synthesis to about
10% of the level observed with wildtype P23 RNA (Fig. 6B, lane 4).
However, a bulge of at least one unpaired nucleotide (A or U) at
this position in stem-loop ‘d’ was required to support wildtype
levels of negative-strand synthesis.
To investigate the role of the triple pyrimidine mismatch in CVB3
RNA replication, we eliminated themismatch by introducing standard
Watson–Crick base pairs in this sequence. This was done by changing
either the sequence of the upper strand (UCU→AAA) or the lower
strand (UUU→AGA) of the mismatch region (Fig. 7A). In reactions
Fig. 4. Effect of PCBP binding site mutations on RNA stability and negative-strand synthesis. (A) RNA stability of wildtype P23 or the indicated mutant P23 RNAs was measured in
HeLa S10 translation–replication reactions. 32P-labeled wildtype P23 or the indicated mutant P23 RNAs were added to HeLa S10 translation–replication reactions at a ﬁnal
concentration of 50 μg/ml and incubated for 180min at 34 °C. Samples were removed at the indicated time points, and the amount of labeled RNA that remained intact was analyzed
by denaturing CH3HgOH-agarose gel electrophoresis and autoradiography. (B) Negative-strand synthesis was measured using PIRCs isolated from HeLa S10 translation–replication
reactions containing either capped P23 RNA or the capped mutant P23 RNAs indicated above. The labeled product RNAs were analyzed by denaturing CH3HgOH-agarose gel
electrophoresis and visualized by autoradiography. Equivalent loading of RNA in each lane was conﬁrmed by ethidium bromide staining of the gel.
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mutant RNA, we observed a small increase in negative-strand
synthesis (Fig. 7A, lanes 2–3). This result was observed in repeated
experiments where negative-strand synthesis was approximately 40%
higher than the levels observed with wildtype P23 RNA. Therefore,
eliminating the highly conserved pyrimidine mismatch resulted in a
small increase in negative-strand synthesis.
The function of the apical tetraloop in CVB3 replication was
investigated by either adding a nucleotide (C64+C) or deleting
nucleotide C64 in the tetraloop (ΔC64) (Fig. 7B). In reactions contain-Fig. 5. Sequence diagram (top) and surface representation of the NMR structure
(bottom) of stem-loop ‘d’ in the 5′CL. The three structural elements predicted by NMR
are the dinucleotide bulge (orange), the pyrimidine mismatch (green) and the apical
tetraloop (red). Coordinates were obtained from the Protein Data Bank: 1txs (http://
www.rcsb.org) for the NMR structure of stem-loop ‘d’ of the 5′CL domain of the
enteroviral 5′ UTR RNA (Du et al., 2004). The surface structure was rendered using the
PyMOL Molecular Graphics System (2002) on http://www.pymol.org.ing (C64+C) mutant RNA, no signiﬁcant difference in negative-strand
synthesis was observed compared to the levels observed with
wildtype P23 RNA (Fig. 7B, lanes 1 and 3). In contrast, negative-
strand synthesis was signiﬁcantly inhibited in the reaction containing
the ΔC64 mutant RNA and was about 10% of the levels observed with
wildtype P23 RNA (Fig. 7B, lanes 1–2). Therefore, decreasing, but not
increasing the size of the apical loop severely inhibited negative-
strand initiation.
Effect of stem-loop ‘d’ mutations on positive-strand RNA synthesis
We next determined the effect of the stem-loop ‘d’ mutations on
positive-strand synthesis. Altering the sequence of stem-loop ‘d’ in
the 5′CL of the input (+) strand RNA results in a change in the
complimentary sequence at the 3′ end of the newly synthesized
negative-strand RNA. Since the 3′ end of the negative-strand RNA
functions as the site for positive-strand initiation, mutations in the
negative-strand template can potentially affect positive-strand initi-
ation. To investigate the effect of the stem–loop ‘d’ mutations on
positive-strand synthesis, we determined the ratio of (+)/(−) strand
synthesis. To measure the ratio of (+)/(−) strand synthesis of
wildtype RNA, we used RzP23 RNA and P23 RNA in independent
reactions. Only labeled negative-strand RNA is synthesized in
reactions with P23 RNA. In contrast, both labeled negative- and
positive-strand RNA is synthesized in reactions containing RzP23
RNA. The amount of labeled RNA synthesized in both reactions was
quantitated and the ratio of (+)/(−) strand synthesis was calculated
(as described in Materials and methods). Labeled product RNA from
each reaction was analyzed by denaturing agarose gel electrophoresis
and quantitated. In replication assays with wildtype P23 RNA, the
ratio of (+)/(−) strand synthesis was between 14 and 18 in three
separate experiments (Figs. 8 and 9). This ratio was consistent with
Fig. 6. Effect of mutations in the dinucleotide bulge on negative-strand synthesis. Negative-strand synthesis was measured using PIRCs isolated from HeLa S10 translation–
replication reactions containing either wildtype P23 RNA or the mutant P23 RNAs indicated above. The labeled product RNAs were analyzed by denaturing CH3HgOH-agarose gel
electrophoresis and visualized by autoradiography. Equivalent loading of RNA in each lane was conﬁrmed by ethidium bromide staining of the gel. Sequence diagrams of stem–loop
‘d’withmutations in the dinucleotide bulge are shown on the left. The nucleotides deleted in themutant RNAs are boxed and the nucleotides that have been switched are underlined.
(A) Negative-strand synthesis in reactions containing either P23 RNA or P23-(ΔGCUA)46–49(ΔGC)78–79 RNA. (B) Negative-strand synthesis in reactions containing P23 RNA or P23
RNA with mutations in the dinucleotide bulge.
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reactions in studies with PV RNA (Sharma et al., 2005; Spear et al.,
2008). Mutations that speciﬁcally inhibit positive-strand synthesis
would consequently decrease the (+)/(−) strand ratio below the
wildtype control. To investigate the role of the dinucleotide bulge in
positive-strand synthesis, we used P23 or RzP23 RNA with mutations
in the dinucleotide bulge and determined the ratio of (+)/(−) strand
synthesis. With themutant RNAs in which one nucleotidewas deleted
(ΔU48 or ΔA49), the ratio of (+)/(−) strand synthesis was reduced to
6 and 8, respectively (Fig. 8, lanes 3–6). When the nucleotides in the
bulge were switched from UA to AU, the ratio was reduced to 10 (Fig.
8, lanes 9–10). In contrast, when both nucleotides in the bulge were
deleted ((ΔUA)48–49), the ratio of (+)/(−) strand synthesis was
reduced to 2, which indicated that positive-strand synthesis was
dramatically inhibited by this mutation (Fig. 8, lanes 7 and 8). Overall,
these results demonstrated that the UA dinucleotide bulge was
required to support wildtype levels of positive-strand synthesis.
To investigate the role of the triple pyrimidine mismatch region in
positive-strand synthesis, we used two mutant RNAs in which the
nucleotides in the mismatch region were paired (see Fig. 9). In
reactions containing either mutant RNA, the ratio of (+)/(−) strand
synthesis was reduced to 8 (Fig. 9A, lanes 3–4 and B, lanes 3–4). In
addition, our results showed that positive-strand synthesis was
speciﬁcally inhibited by about 30%. Therefore, these results indicated
that maintaining the pyrimidine mismatch was required for efﬁcient
positive-strand synthesis and to maintain a high ratio of (+)/(−)
strand synthesis.We next investigated the role of the apical tetraloop in positive-
strand synthesis using the two mutant RNAs (ΔC64 and C64+C)
shown in Fig. 9. In reactions with the ΔC64 and C64+C RNAs, the ratio
of (+)/(−) strand synthesis was reduced to 4 and 3, respectively
(Fig. 9A, lanes 5′–6′ and B, lanes 5–6). Therefore, either decreasing or
increasing the size of the apical loop resulted in a signiﬁcant inhi-
bition of positive-strand synthesis.
Replication of Δ49 terminal deletion RNA in HeLa S10 reactions
In previous studies, CVB3 viral RNA with 5′ terminal deletions
(TDs) ranging from 7 to 49 nucleotides have been isolated from
hearts of persistently infected mice and from a human myocarditic
heart (Kim et al., 2005; Chapman et al., 2008). The largest 5′ TD
RNA contained a 49-nucleotide deletion in the 5′ terminus of the
viral genome (Δ49TD RNA). In examining the structure of the
Δ49TD RNA, we observed that the triple pyrimidine mismatch, the
apical tetraloop in stem–loop ‘d’ and the C-rich sequence were all
conserved in the 5′ CL region of the Δ49TD RNA (Fig. 10A). To
investigate the ability of RzP23-Δ49TD RNA (or RzΔ49TD RNA) to
replicate in PIRCs isolated from HeLa S10 reactions, we ﬁrst
characterized protein synthesis in reactions containing RzΔ49TD
RNA. Labeled viral proteins identical to those encoded by wildtype
RzP23 RNA were observed in the reaction containing the RzΔ49TD
RNA (Fig. 10B, lanes 1–2). The overall level of protein synthesis
was about 50% of the level observed with wildtype RNA. To
measure the overall level of RNA replication, PIRCs were isolated
Fig. 7. Effect of mutations in the triple pyrimidine mismatch or in the apical tetraloop on negative-strand synthesis. Negative-strand synthesis was measured using PIRCs isolated
from HeLa S10 translation–replication reactions containing either wildtype P23 RNA or the mutant P23 RNA indicated above. The labeled product RNAs were analyzed by
denaturing CH3HgOH-agarose gel electrophoresis and visualized by autoradiography. Equivalent loading of RNA in each lane was conﬁrmed by ethidium bromide staining of the
gel. (A) Negative-strand synthesis in reactions containing P23 RNA or P23 RNA with mutations in the pyrimidine mismatch region. The sequence diagrams of the mutations in the
pyrimidine mismatch region are shown on the left. The nucleotides that have been mutated are underlined. (B) Negative-strand synthesis in reactions containing P23 RNA or P23
RNAs with mutations in the apical tetraloop. The sequence diagrams of the mutations in the apical tetraloop are shown on the left. The nucleotide that was deleted is boxed and
the nucleotide that was inserted is underlined.
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support both negative- and positive-strand synthesis. Labeled pro-
duct RNAs synthesized in each reaction were analyzed by elec-
trophoresis on a denaturing agarose gel as described in Materials
and methods. The gel was stained with ethidium bromide to
conﬁrm that equivalent amounts of RNA were loaded in each
reaction (Fig. 10C, left panel). The results indicated that RNA
replication was signiﬁcantly reduced in the reaction containing the
RzΔ49TD RNA compared to the amount observed with the
wildtype RzP23 RNA (Fig. 10C, lanes 1–2). A small but detectable
amount of labeled product RNA was observed after longer
exposure of lane 2 containing the Δ49TD product RNA (Fig. 10C,
lane 2′). We determined that the amount of labeled RNA
synthesized in the RzΔ49TD RNA reaction was b1% of the level
observed with wildtype RzP23 RNA. These results demonstrated
that the RzΔ49TD RNA supported low but measurable levels of
RNA replication in cell-free reactions and was consistent with the
ability of Δ49TD RNA to replicate at low levels and establish
persistent infections.
Discussion
In this study, we demonstrated that PIRCs isolated from HeLa S10
translation–replication reaction can be utilized to investigate the
mechanisms that regulate CVB3 RNA replication. Importantly, CVB3
RNA replicates efﬁciently in these reactions at levels equivalent to that
observedwith PV RNA.We showed that within replication complexes,
the presence of at least one PCBP binding site in the 5′CL region (i.e.,
stem–loop ‘b’ or C-rich sequence) was sufﬁcient to support efﬁcient
negative-strand synthesis. Furthermore, we demonstrated that the
structurally conserved domains in stem–loop ‘d’ of the 5′CL, which
include the dinucleotide bulge, the triple pyrimidine mismatch and
the apical tetraloop were required for efﬁcient RNA replication.
Finally, we showed that a CVB3 mutant RNA that contained a 5′
terminal deletion (Δ49TD RNA) was able to replicate at low levels in
these reactions.PCBP binding in the 5′CL region is important for efﬁcient negative-strand
RNA synthesis
Previous studies showed that PCBP binding to the 5′CL was
required to maintain PV RNA stability in HeLa S10 reactions (Murray
et al., 2001). Except for viral protein 2Apro, the presence or absence of
other viral proteins, including 3Cpro or 3CDpro had no effect on PV RNA
stability (Jurgens et al., 2006). A C24Amutation in stem–loop ‘b’ in the
5′CL of PV RNA inhibits PCBP binding and completely destabilizes the
RNA (Murray et al., 2001; Ogram and Flanegan, unpublished results).
In contrast, results from the current study showed that CVB3 (C24A)
RNA was about 60% as stable as wildtype RNA. Therefore, the C24A
mutation only partially reduced the stability of CVB3 RNA. Interest-
ingly, mutating the PCBP binding site in the C-rich sequence
completely destabilized CVB3 RNA. Based on these results, we
conclude that PCBP binding to the 5′CL region, and in particular the
C-rich sequence, was a major determinant of CVB3 RNA stability.
PCBP as a component of the 5′CL-RNP complex also functions as a
cofactor for negative-strand initiation (Parsley et al., 1997; Walter et
al., 2002; Spear et al., 2008; Toyoda et al., 2007; Andino et al., 1990a,
1993;Gamarnik and Andino, 1997, 2000). Results from our laboratory
with PV RNA showed that PCBP binding to stem–loop ‘b’was required
for negative-strand RNA synthesis but not for positive-strand
synthesis (Spear et al., 2008). Furthermore, using a protein–RNA
tethering system, we showed that PCBP tethered to the 5′CL forms a
functional replication complex that is able to initiate negative-strand
synthesis. This conﬁrmed that the PCBP–stem–loop ‘b’ RNP complex is
required for negative-strand initiation (Spear et al., 2008). In addition,
PCBP binding to the C-rich sequence is also shown to be required for
PV RNA replication, presumably at the level of negative-strand
initiation (Toyoda et al., 2007). In contrast, in this study we showed
that mutating the PCBP binding site in either stem–loop ‘b’ or the C-
rich sequence had no signiﬁcant effect on CVB3 negative-strand
synthesis. Inhibition of negative-strand synthesis was only observed
when both PCBP binding sites in the 5′CL were mutated. Therefore, in
replication complexes, the presence of only one PCBP binding site in
Fig. 8. Effect of mutations in the dinucleotide bulge on positive-strand synthesis.
Negative- and positive-strand synthesis and the ratio of (+)/(−) strand synthesis was
determined as described in Materials and methods. PIRCs were isolated from HeLa S10
translation–replication reactions containing either wildtype P23 RNA or themutant P23
RNAs indicated above. The labeled product RNAs were analyzed by denaturing
CH3HgOH-agarose gel electrophoresis and visualized by autoradiography. Equivalent
loading of RNA in each lane was conﬁrmed by ethidium bromide staining of the gel.
Negative-strand synthesis was measured in reactions containing P23 or the mutant P23
RNAs. Negative- and positive-strand synthesis was measured in reactions containing
RzP23 or mutant RzP23 RNAs.
Fig. 9. Effect of mutations in the triple pyrimidine mismatch or the apical tetraloop on
positive-strand synthesis. Negative- and positive-strand synthesis and the ratio of
(+)/(−) strand synthesis was determined as described in Materials and methods.
PIRCs were isolated from HeLa S10 translation–replication reactions containing either
P23 RNA or the mutant P23 RNAs indicated above. The labeled product RNAs were
analyzed by denaturing CH3HgOH-agarose gel electrophoresis and visualized by
autoradiography. Equivalent loading of RNA in each lane was conﬁrmed by ethidium
bromide staining of the gel. (A) Negative-strand synthesis was measured in reactions
containing P23 RNA, P23-(UUU→AGA)71–73 RNA or P23-(ΔC64) RNA. Negative- and
positive-strand synthesis was measured in reactions containing wildtype RzP23 RNA,
RzP23-(UUU→AGA)71–73 RNA or RzP23-(ΔC64) RNA. Lanes 5′ and 6′ are a longer
exposure of lanes 5 and 6. (B) Negative-strand synthesis was measured in reactions
containing P23 RNA, P23-(UCU→AAA)54–56 RNA or P23-(C64+C) RNA. Negative- and
positive-strand synthesis was measured in reactions containing wildtype RzP23 RNA,
RzP23-(UCU→AAA)54–56 RNA or RzP23-(C64+C) RNA.
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negative-strand synthesis. These results in combination with the
results from the stability assays indicate that PCBP binding to the C-
rich sequence alone was sufﬁcient to partially stabilize CVB3 RNA and
to support negative-strand initiation.
Stem-loop ‘d’ is important for efﬁcient negative- and positive-strand
RNA synthesis
The sequence and structure of stem–loop ‘d’ of the 5′CL is highly
conserved among enteroviruses (Zell et al., 2002). The dinucleotide
bulge, the pyrimidine mismatch and the apical tetraloop are
conserved structures within stem–loop ‘d’ (Fig. 5) (Du et al., 2004;
Zell et al., 2002). The UA dinucleotide bulge is conserved in stem–loop
‘d’ of CVB3 and in other human enteroviruses. In human rhinoviruses
(e.g. HRV2 and HRV14) a single nucleotide bulge is present at this site
(Zell et al., 2002). The conservation of a bulge at the site suggests that
it plays an important role in one or more steps in the viral RNA
replication cycle. The results of the current study showed that both
negative- and positive-strand synthesis were strongly inhibited when
the dinucleotide bulgewas deleted from stem–loop ‘d’. Interestingly, a
single nucleotide bulge in stem–loop ‘d’ supported wildtype levels of
negative-strand synthesis but not positive-strand synthesis. Based on
these results, we conclude that either a dinucleotide or a single
nucleotide bulge is sufﬁcient to maintain wildtype levels of negative-
strand synthesis. The dinucleotide bulge, however, is required to
maintain high levels of positive-strand synthesis, which is character-
istic of the highly asymmetric replication of the enterovirus genome
during acute infections. Therefore, these results provide a mechanistic
explanation as to why the dinucleotide bulge in stem–loop ‘d’ is
conserved in enteroviruses.
The triple pyrimidine mismatch in stem–loop ‘d’ is absolutely
conserved among enteroviruses and rhinoviruses (Zell et al., 2002).
NMR studies of CVB3 stem–loop ‘d’ shows that the mismatch region is
base paired with a C:U base pair in themiddle with two U:U base pairs
on each side, and forms an A-form like helical structure (Du et al.,
2004; Ohlenschlager et al., 2004) (Fig. 5). The triple pyrimidine
mismatch results in the narrowing of theminor groove and signiﬁcant
widening of the major groove due to the small size of the pyrimidine–
pyrimidine base pairs (Du et al., 2004; Ohlenschlager et al., 2004)(Fig. 5). In this study, we eliminated the triple pyrimidinemismatch in
stem–loop ‘d’ by introducing standardWatson–Crick base pairs in this
region. This change should result in the formation of a standard A-
form helix in place of the modiﬁed “A-form like” helix present in
wildtype RNA. Our results showed that this change in stem–loop ‘d’
resulted in a 40% increase in negative-strand synthesis and a 30%
reduction in positive-strand synthesis. Overall, this resulted in a
reduction in the ratio of (+)/(−) strand synthesis from 16 to 8. This
would lead to less efﬁcient virus replication and a net reduction in the
formation of progeny virus. These results help explain why the triple
pyrimidine mismatch is conserved in stem–loop ‘d’.
In most enteroviruses, the size of the apical tetraloop in stem–loop
‘d’ is maintained even though the sequence of the apical tetraloop is
less conserved (Rieder et al., 2003; Zell et al., 2002). Based on both
NMR and biochemical studies, the apical tetraloop appears to be
critical to the structure of stem–loop ‘d’ (Du et al., 2004; Ohlens-
chlager et al., 2004). In the current study, decreasing the size of the
tetraloop by deleting nucleotide C64 resulted in a large inhibition of
both negative-strand and positive-strand synthesis. In contrast,
Fig. 10. Replication of RzP23-Δ49TD RNA in PIRCs isolated from HeLa S10 translation–replication reactions. (A) Sequence diagram of the 5′CL of the Δ49TD RNA is shown. The
nucleotides in grey represent the deleted nucleotides. (B) HeLa S10 translation–replication reactions containing [35S]methionine and the indicated RNAs were incubated at 34 °C for
3 h. Samples were removed from each reaction and the labeled proteins were analyzed by 9–18% SDS-PAGE and visualized by autoradiography. (C) Replication of RzP23 RNA and
RzP23-Δ49TD RNAwasmeasured in PIRCs as described inMaterials andmethods. The labeled product RNAs were analyzed by electrophoresis in a denaturing CH3HgOH-agarose gel.
Equivalent loading of RNA from each reaction was conﬁrmed by ethidium bromide staining of the gel and is shown on the left. The labeled product RNAs were detected by
autoradiography and are shown on the right. Lane 2′ is a longer exposure of lane 2.
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had little effect on negative-strand synthesis but again resulted in a
signiﬁcant inhibition of positive-strand synthesis. Based on these
results, we concluded that apical tetraloop is a critical structure that is
required to maintain wildtype levels of both negative- and positive-
strand RNA synthesis.
In summary, the results of this mutagenic study on stem–loop ‘d’
suggests that all three of the conserved structures in stem–loop ‘d’
play a critical role in CVB3 RNA replication, but not in translation or
RNA stability. In addition, it is interesting that all of the mutations
tested inhibited positive-strand synthesis and that only a subset of
the mutations inhibited negative-strand synthesis. For example,
mutations that reduced the size of the dinucleotide bulge,
eliminated the triple pyrimidine mismatch or increased the size of
the apical tetraloop speciﬁcally inhibited positive-strand synthesis
without inhibiting negative-strand synthesis. At the present time,
we cannot explain these differences, but they indicate that the
conserved RNA structures present in stem–loop ‘d’ have speciﬁc
functional roles that are required for the initiation of negative and
positive-strand synthesis.
Translation and replication of Δ49TD RNA
It has been proposed that viruses can establish persistent infec-
tions by using different mechanisms to escape immune surveillanceby the host. During persistent infections, there is a decrease in the
overall level of viral replication while the viral genome is main-
tained in the host cell (Tyler et al., 2001). In group B Coxsackievirus
persistent infections, a large decrease in viral replication and a
decrease in the ratio of (+)/(−) strand synthesis is observed.
Replication defective group B Coxsackieviruses have been isolated
from myocarditic hearts and in cell culture. Characterization of the
RNA from these viruses showed that the only changes in the RNA
genome were 5′ terminal deletions (TD) that ranged in size from 7
to 49 nucleotides (Chapman et al., 2008; Kim et al., 2005, 2008).
The 5′ TD RNA with the largest deletion (Δ49TD RNA) still contains
two of the three conserved structures in stem–loop ‘d’ discussed
above (i.e, the pyrimidine mismatch and apical tetraloop) as well as
the C-rich sequence adjacent to the 5′CL (Fig. 10A). The results from
this study showed that mutant RNAs which contained the triple
pyrimidine mismatch and the apical tetraloop in stem–loop ‘d’
supported detectable levels of both negative- and positive-strand
synthesis. In addition, we showed that RNAs, which contained the
C-rich sequence, were relatively stable and supported negative-
strand synthesis. Consistent with these ﬁndings, we showed that
the RzΔ49TD RNA translated efﬁciently and supported low but
detectable levels of RNA replication. Based on the results of this
study, it seems reasonable to predict that 5′ terminal deletions
larger than Δ49, which remove additional conserved structures in
stem–loop ‘d’, will completely inhibit RNA replication. This provides
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deletion observed in viral RNA isolated from persistently infected
cells. Additional studies using the cell-free replication assays will
allow us to further investigate CVB3 RNA replication and the
molecular basis for establishing persistent infections.
Materials and methods
Coxsackievirus cDNA clones
A previously described cDNA clone of cardiovirulent Coxsack-
ievirus B 3 (CVB3) strain 28 was used as the parent clone for the
constructs used in this study (Tracy et al., 2002). CVB3 28 contains a
5′ hammerhead ribozyme downstream of the T7 promoter region,
for generating transcript RNAs with authentic 5′ terminal ends
(Fig. 1A). The following plasmids were derived from the CVB3 28
plasmid: (i) pRzP23 was generated by introducing two Sfo I sites at
nucleotides 734 and 3334 in CVB3 28. A consensus Kozak sequence
and an initiating ATG (CCACCATG) was also introduced downstream
of the Sfo I site at position 3323. This plasmid was digested with Sfo I
to remove the coding sequence for the structural proteins (P1) and
then re-ligated. A Mlu I site was engineered downstream of the poly
(A) tail by site-directed mutagenesis to linearize this plasmid.
pRzP23 contains sequences for the 5′NTR, the P23 coding region,
the 3′NTR and associated poly(A) tail of CVB3. During transcription,
the Rz cleaves itself to generate a P23 transcript with the authentic
Coxsackievirus 5′ terminal end (RzP23). Transcripts containing the
authentic viral 5′ end are capable of supporting both negative- and
positive-strand RNA synthesis. (ii) pP23 was generated by deleting
the sequences encoding the 5′ hammerhead ribozyme. Instead, two
non-viral G residues were introduced downstream of the T7
promoter for efﬁcient transcription by the T7 polymerase. Transcripts
containing these non-viral G residues synthesized only negative-
strand viral RNA (Fig. 3A). All of the plasmids described below were
derived from plasmid pP23 by site-directed mutagenesis. (i) In pP23-
(C24A), nucleotide C24 in P23 was altered to A. (ii) pP23-
(C91,93,97,99 A) was derived from pP23 by changing nucleotides
C91, C93, C97, C99 to A. (iii) A double mutant, pP23-(C24A)/
(C91,93,97,99 A) was generated by engineering C24A and
(C91,93,97,99 A) mutations together. (iv) pP23-(ΔGCUA)46–49-
(ΔGC)78–79 was engineered by deleting nucleotides 46–49 and
nucleotides 78–79. (v) In pP23-ΔU48, nucleotide U48 was deleted.
(vi) In pP23-ΔA49 nucleotide A49 was deleted from pP23. (vii) pP23-
(ΔUA)48–49 was engineered by deleting nucleotides U48 and A49 from
pP23. (viii) pP23-(UA→AU)48–49 was derived by substituting
nucleotides at position 48–49 from UA to AU. (ix) In pP23-
(UCU→AAA)54–56, nucleotides UCU54–56 were substituted with
AAA. (x) In pP23-(UUU→AGA)71–73, nucleotides UUU71–73 were
changed to AGA71–73. (xi) pP23-(ΔC64) was generated by deleting
nucleotide C64. (xii) In pP23-(C64+C), an additional nucleotide (C)
was inserted at position 64. (xiii) pRzP23Δ49TD was engineered by
deleting nucleotides 1–49 from the 5′ end and in addition, the
sequence upstream of the ribozyme was modiﬁed to be comple-
mentary to nucleotides 50–64. Plasmids iv–xii were also engineered
in pRzP23. Mutations introduced in all of the plasmids described
above were veriﬁed by sequencing. pT7-Rz-PV1(A)80 has been
previously described and was used to generate the poliovirus
(PV1) transcript RNA that was used as control (Morasco et al., 2003).
RNA transcript preparation
The plasmid DNAs described above were linearized by digestion
with Mlu1. In vitro transcription was performed in a 100 μl
transcription reaction mixture containing bacteriophage T7 RNA
polymerase and 1 mM of each nucleoside triphosphate (Barton et al.,
1996). The 5× transcription buffer contained 200 mM Tris–HCl(pH7.9), 50 mM MgCl2 and 10 mM spermidine. After 2 h incubation
at 37 °C, 0.5% SDS buffer [10 mM Tris–HCl (pH 7.5), 100 mm NaCl,
1 mM EDTA, 0.5% sodium dodecyl sulfate] was added, and the
reaction was extracted three times each with phenol–chloroform–
isoamylalcohol followed by three extractions with chloroform–
isoamylalcohol (Barton et al., 1996). Transcript RNA was precipitated
in three volumes of ethanol and puriﬁed by chromatography on a
Sephadex G-50 gel ﬁltration column. The procedure has been
detailed previously for the preparation of PV RNA transcripts (Barton
et al., 1996). To synthesize RNAs with a 5′ cap, 7-methyl guanosine
cap analog (1 mM) was added to the transcription reaction mixture
and the concentration of GTP was lowered to 0.2 mM (Barton et al.,
2001; Spear et al., 2008). The transcripts puriﬁed by G-50 gel
ﬁltration were stored in ethanol at −20 °C until further use. No
difference in RNA translation and replication was observed between
uncapped and capped wildtype transcript RNAs in the HeLa S10
translation–replication reactions (Barton et al., 2001).
HeLa S10 translation–replication reactions
HeLa S10 extracts and HeLa translation initiation factors were
prepared as previously described (Barton et al., 1996). HeLa S10
translation–replication reactions contained 50% HeLa S10 extract,
20% HeLa translation initiation factors, 1× nucleotide reaction mix
(1 mM ATP, 0.25 mM GTP, 0.25 mM UTP, 60 mM Potassium
Acetate, 15.5 mM HEPES–KOH [pH 7.4], 30 mM creatine phosphate,
0.4 mg/ml creatine kinase). Transcript RNAs (5 μg) were added to
100 μl of HeLa S10 translation–replication reactions containing
2 mM guanidine hydrochloride and incubated at 34 °C for 3 h. To
monitor protein synthesis, 10 μl from the HeLa S10 translation–
replication reactions was removed and 15 μCi of [35S]methionine
was added to the reaction prior to the incubation.
Analysis of translation of CVB3 RNA transcripts
At the end of the incubation, duplicate 2 μl samples were
removed from HeLa S10 translation–replication reactions contain-
ing [35S]methionine and added to 100 μl of 3% casamino acids (3%
casamino acids in 0.1N KOH). Labeled viral proteins were
precipitated in 5% tricholoroacetic acid (TCA), collected on ﬁlters
and counted in a liquid scintillation counter (Barton et al., 1996).
This assay was used to quantitate the level of protein synthesis in
all experiments to determine whether equivalent levels of proteins
were synthesized in each reaction. In addition, to characterize the
labeled proteins synthesized in these reactions, samples were
removed from HeLa S10 translation–replication reactions contain-
ing [35S]methionine and solubilized in 1× Laemmli sample buffer.
The labeled proteins were analyzed by 9%–18% SDS-PAGE and
detected by autoradiography (Barton et al., 1996).
Analysis of viral negative-strand RNA synthesis in PIRCs
RNA replication was measured in preinitiation replication
complexes (PIRCs) isolated from HeLa S10 translation–replication
reactions containing the indicated transcript RNAs and 2 mM
guanidine hydrochloride. The reactions were incubated at 34 °C for
the indicated times. PIRCs were isolated by centrifugation and
were resuspended in a replication buffer containing [α-32P]CTP and
50 μg/ml puromycin and incubated at 37 °C for 1 h as previously
described (Barton et al., 2001; Sharma et al., 2005; Spear et al.,
2008). The resulting 32P-labeled product RNA was analyzed by
denaturing CH3HgOH-1% agarose gel electrophoresis (Barton et al.,
1996). In these denaturing gels, the RNA structure is completely
disrupted, including RI and RF RNA, and the labeled product RNA
runs as a single band in these gels. The labeled product RNAs were
detected by autoradiography and quantitated using a Phosphor-
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conﬁrmed by ethidium bromide (EtBr) staining of the gel to
visualize the 28S and 18S rRNA.
Non-denaturing agarose gel electrophoresis
In the experiment described in Fig. 2, the labeled product RNA
from the replication reaction was analyzed by non-denaturing
agarose gel electrophoresis. The labeled product RNA from the
replication reaction was resuspended in 1× TAE and about 25% of
the sample was loaded on a 1% agarose-TAE gel. The gel was run at
35 mA for approximately 1 h 15 min.
Analysis of positive-strand synthesis
Positive-strand synthesis was determined as previously de-
scribed (Sharma et al., 2005). Brieﬂy, PIRCs were isolated from
independent reactions containing either RzP23 transcript RNA or
P23 transcript RNA. RzP23 RNA contains an authentic 5′ terminus
generated by the addition of a hammerhead ribozyme (Rz)
upstream of the ﬁrst viral nucleotide and supports both negative-
and positive-strand synthesis. P23 RNA contains two additional G
residues at the 5′ terminus and supports only negative-strand
synthesis. To calculate the total amount of positive-strand RNA
synthesized, the amount of negative-strand RNA synthesized in the
P23 RNA containing reaction was subtracted from the RNA
synthesized in the RzP23 RNA containing reaction, which includes
both negative- and positive-strand RNA. The ratio of (+)/(−)
strand synthesis was calculated by dividing the amount of positive-
strand RNA synthesized by the amount of negative-strand RNA
synthesized (Sharma et al., 2005).
RNA stability assays
Labeled viral RNAs were transcribed in reactions containing 50 μCi
of [α-32P]CTP (400 Ci/mmol) and added to HeLa S10 reactions at a
concentration of 50 μg/ml. The reaction mixtures were incubated at
34 °C for 3 h. At the indicated times, 20 μl of the reaction mixture was
removed and added to 400 μl of 0.5% SDS buffer. The labeled RNA
remaining at each time point was recovered by phenol–chloroform
extraction and ethanol precipitation. The intact-labeled RNA was
analyzed by denaturing CH3HgOH-1% agarose gel electrophoresis and
visualized by autoradiography and quantitated using a Phosphor-
Imager (Jurgens et al., 2006). Equivalent loading of RNA was
conﬁrmed by EtBr staining and visualization of the 28S and 18S rRNA.
Electrophoretic Mobility Shift Assays (EMSAs)
To make probes that contained the 5′ cloverleaf (5′CL) region, a
BmgB1 site at nucleotide position 123 was engineered in plasmids
pP23, pP23-(C24A), pP23-(C91,93,97,99 A) and pP23-(C24A)/
(C91,93,97,99 A). The plasmid DNAs were digested with BmgB1 and
used in in vitro transcription reactions containing [α-32P]CTP as
previously described (Spear et al., 2008). The RNA probes contained
the ﬁrst 123 nucleotides of the 5′ terminus of the CVB3 genome, and
were either wildtype or contained the individual PCBP binding site
mutations or the double mutation. Bacterially expressed recombinant
PCBP2 (rPCBP2) was used in EMSAs (Spear et al., 2008). EMSAs were
performed with wildtype or mutant RNA probes and rPCBP2 as
previously described (Silvestri et al., 2006).
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